Gas recovery systems at palm oil mills enable the curtailment of uncontrolled greenhouse gas emissions from open anaerobic pond, but can also reduce odour, an aspect which has not yet been substantiated. The objective of this study is to evaluate the odour emission from palm oil mill effluent and the effectiveness of covers and tank digester in reducing odour emission from the open lagoons. Odour samples were obtained from the cooling ponds in conjunction with in-field odour assessment performed on site. Results demonstrated that odour released from open ponding or covered lagoon were almost comparable, ranging from 33,150 -162,000 OU/m 3 , and 68,705 -102,000 OU/m 3 , respectively. In contrast, odour emission from cooling pond which used tank digester system seemed markedly lower, ranging between 13,000 -76,000 OU/m 3 . In fact, the analysis of ambient air close to anaerobic tank digesters proved a reduction of odour emission to the surroundings (with 3.5 OU/m 3 , weak intensity) compared to open pond (with 2700 OU/m 3 , strong intensity) or covered lagoon (with 111 OU/m 3 , distinct THE EFFECTIVENESS OF GAS RECOVERY SYSTEMS FOR MANAGING ODOUR FROM CONVENTIONAL EFFLUENT TREATMENT PONDS IN PALM OIL MILLS IN MALAYSIA 71
INTRODUCTION
Malaysia is the second largest producer of palm oil, exporting 16 .05 million tonnes of palm oil, equivalent to 36.78% of the global palm oil trade in 2016 (Kushairi et. al., 2018) . The production of palm oil requires sterilization, clarification and hydrocyclone processes (Ohimain and Izah, 2017) which consumes between 5 -7.5 tonnes of fresh water for each tonne of crude palm oil milled (Ahmad et al., 2003; and Wu et. al., 2009) . Of that water intake, about 50 % will result in liquid waste (Ahmad et al., 2003; Awotoye et al., 2011) , commonly known as palm oil mill effluent (POME). Palm oil mill effluent is an acidic (3.4-5.2 pH), greasy (130-18,000 mg/l oil and grease concentrations) liquid effluent, which is notoriously murky (11,500 -79 ,000 mg/l total solids and >500 ADMI colour) when fresh. The untreated effluent is very hot (80-90°C), highly organic with elevated BOD (10,250 -43,750 mg/l) and COD (15,000 -100,000 mg/l) (Bello et. al., 2013) concentrations. The discharging of palm oil mill effluent into water sources if left untreated, is detrimental to the environment, thus, is controlled in Malaysia under the Environmental Quality (Prescribed Premises) (Crude Palm Oil) (Amendement) Regulations 1982 (DOE, 1982) . Palm oil mill effluents are traditionally treated using open ponding system involving a series of open ponds including de-oiling tank, acidification ponds, anaerobic ponds and facultative or aerobic ponds. This conventional effluent treatment is well accepted due to its simplicity and reasonable effectiveness, about 95% compliance (against 20 mg/l BOD discharge limit) after the final polishing step. However, the use of open anaerobic ponds emits uncontrolled methane reportedly in the average of 54.4% and at 1.5 l/min/m 2 to the atmosphere. Methane has a global warming potential of 25 as compared to CO2 (Hull, 2009 ). Not only that, the uncovered effluent treatment ponds led to rising odour complaints of 'foul' smell (Hassan and Abd-Aziz, 2015; Iwuagwu and Ugwuanyi, 2014) and 'bad' odour (Hassan et al., 2013) . The effluent itself had elevated threshold odour number (TON) of 300 TON (Ahmad et. al., 2006) with reported odour emissions of 4,000 -15,000 OU/m 3 in concentration (Yaacof et al., 2017). Its characteristic palm oil mill effluent smell is so strong that the odour can be detected up to 1.5 km away from the mill, even reaching to about 5 km at times (Yaacof et al., 2017).
In 2014, Malaysian Palm Oil Board (MPOB) imposed a new licence condition which mandates the installation of biogas capture system or methane avoidance facility to all new and expanding palm oil mills (MPOB, 2013) . This new MPOB licensing requirement was initiated to curtail the uncontrolled emission of greenhouse gaseous into the atmosphere while at the same time harness renewable energy for the mills own energy consumption and that of others. Unfortunately, as of December 2016, only 92 biogas plants were completed, 9 under construction and 145 were still under planning (Loh et al., 2017) . A significant portion, about 80% of the 445 palm oil mills in Malaysia still relied on the conventional open ponding. The continued usage of uncovered effluent ponds meant strong malodour were still a nuisance to its surrounding, as reported by several reports of odour episodes (Kasimon, 2017; Sulaiman 2017; and Khamis, 2017) . In Malaysia, odour pollution is regulated under the Environmental Quality Act 1974 (Act 127), Part IV Section 22, which restricts the emission of obnoxious or offensive odour (DOE, 1974) . Clearly, in the case of palm oil mill effluent treatment, an additional angle, its odour emission need to be made aware, to further promote the installation of the gas capture systems. Until now, there are many information regarding different gas recovery technologies at palm oil mills including its effectiveness ( . However, no such report can be found relating to their use in managing odour from effluent ponds. Open anaerobic ponds, including those at palm oil mills, typically produce odorous hydrogen sulphide and ammonia gasses which are intermediate or end products of organic matter degradation by microbes under anaerobic condition. These odorous gases are further released to the atmosphere by the convective mass transfer mechanism for ammonia and the bubble-release process for hydrogen sulphide (Ni et al., 2009 ). In the case of the palm oil mill effluent, odour is stronger due to the fact that odour volatilisation and organic matter decomposition are increased by higher temperatures ( Considering the lack of information regarding the odour issue at palm oil mills, a case study was commissioned involving three palm oil mills in Northern Malaysia. Each of these mills utilised a different effluent and gas recovery system; an open anaerobic pond, covered lagoon and tank digesters. The objective of this study is to identify the odour emission from a palm oil mill effluent pond and also establish odour mitigation efficiencies of the existing energy recovery systems at these mills. It is expected that the findings from this study would provide scientific evidence to mill operators and authorities alike on the dual capability of these technologies not only for energy production, but as importantly, towards odour management.
METHODOLOGY

Location of the odour study
This study was carried out at the palm oil mills as described in Table 1 . The mills differed in terms of their effluent treatment system, which may influence odour emission from palm oil mill effluent. of 6 open anaerobic lagoons. In the upgraded effluent treatment system, raw POME was screen filtered and pumped from the cooling/acidification pond to the Anaerobic Digester Feeding Tank. Thereafter, the raw POME from the Feeding Tank was fed uniformly via the Distribution System to one unit 3,000 m 3 tank with floating roof and four units 3,700 m 3 tanks with fixed roofs for the generation and capture of biogas. Designed hydraulic retention time (HRT) was 17.88 days for an average POME flow of 1000 m 3 /d.
Background of odour study
The odour study included sampling activities at the acidification/cooling ponds for all palm oil mills. Four odour samples were collected from the same pond over a course of three days. All samples were analysed at Universiti Sains Malaysia (USM) Odour Laboratory within 30 hours. In addition to the sampling and laboratory assessment of samples from the pond, assessment of odour at the site was performed using an in-field olfactometer. In total, 4 on-site assessments were carried out near the anaerobic effluent treatment system (e.g. anaerobic pond, covered anaerobic lagoon and tank digester). The same on-site odor assessment location was monitored over three days. Figure 1 shows the layout of the treatment effluent system at Mill A and the locations involved in the study. Odour monitoring was performed twice; between 15 th -17 th August, 2016 and 28 th -30 th March, 2017. The layout of the effluent treatment system of Mill B is shown in Figure 2 . Two odour monitoring sessions were carried out; between 26 th -28 th September, 2016 and 7 th -9 th February, 2017. Mill C has an effluent treatment system as shown in Figure 3 . Odour monitoring at the mill was conducted between 24 th -26 th October, 2016 and repeated from 21 st -23 rd February, 2017.
Procedure of odour sampling and laboratory assessment
A flux hood and vacuum chamber were used for odour sampling at the cooling pond, with samples collected into 10 L Nalophan bags. Odour samples were analysed at University Sains Malaysia Odour Laboratory at the School of Civil Engineering using a dynamic olfactometer (Scentroid SS400 Olfactometer, Canada) with a 12 -16,667 OU/m 3 detection limit. Sampling and assessment procedure was according to MS 1963: 2007 Air Quality -determination of odour concentration by dynamic olfactometry. All samples were tested within 30 hours of sample collection, and pre-dilution was at times necessary prior to analysis.
Procedure of on-site odour assessment
The method of odour assessment followed that of Balch et. al. (2015) and Bakhtari and Medina (2016) which were enhanced techniques adapted from the VDI3940 Grid Method (2006) . The assessment involved the determination of odour concentration for a minimum of three readings within a 10 minutes period. The in-situ odour concentration was determined using an in-field olfactometer (SM 100 Scentroid Olfactometer, Canada), with detection limit of 3.5 -11,355 OU/m 3 . In addition, the odour character was also noted during the assessment based on the UK Environment Agency (2007) odour descriptor. The use of field olfactometer (e.g. scentometer) for the evaluation of odour control applications at site has also been successfully implemented in the study by Regmi et al. (2007) on an operating swine lagoon.
RESULTS AND DISCUSSIONS
3.1. Comparison of odour from effluent pre-treatment pond utilizing different downstream energy recovery system The variation of odour data in this study happened because of the types of odour treatment used. The adoption of anaerobic tank digester at Mill C has the potential to reduce odour emission from cooling pond by as much as 65%, which could be attributed to its more efficient effluent degradation. It has to be remembered that Mill A was still practicing the conventional open pond system. Mill B on the other hand, had a covered anaerobic lagoon system, but was still in its commissioning stage during the time of the odour survey. These circumstances may have contributed to the elevated odour concentrations, as a result of the conventional and less efficient effluent treatment. It would be beneficial to check on the potentiality of odour reduction from the cooling pond at Mill B when its covered lagoon is fully operational. Since this study include measurement from closed lagoon or closed tank, other factors that can affect the odour emission such as weather, wind and temperature can be neglected. Odour emission was also high at Mill B in its first run, as shown in Figure 6 , when HDPE covers were still being installed over the anaerobic ponds. The median during the first run averaged at 2470 OU/m 3 , with an odour emission range of 2209 OU/m 3 -2634 OU/m 3 . On the other hand, odour emission improved to between 124 OU/m 3 -229 OU/m 3 , with an average median of 176 OU/m 3 in the second run. The improved odour emission at the surrounding of the anaerobic pond at Mill B during the second run was due to the completion of HDPE covers over its anaerobic lagoon, although its energy recovery system was yet operational. The covers were able to reduce odour emission by about 95% compared to when anaerobic lagoon was uncovered. That said, by far the most effective technique to reduce odour to the surrounding is by using closed anaerobic tank digesters as was practiced at Mill C. As shown in Figure 7 and Figure 8 , the fully enclosed system achieved 99% odour reduction, proving that an average of 4 OU/m 3 is achievable (during both runs). A 7 OU/m 3 limit at facility boundary is regulated in several US localities (e.g. Colorado, Connecticut and North Dakota) (Nicell, 2009 ), which indicates that the 4 OU/m 3 would have been an acceptable odour emission. An odour exposure of 1 OU/m 3 typically signifies the point of detection (very weak, not normally detected), 5 OU/m 3 as faint odour (a person might be able to describe the odour) and 10 OU/m 3 as distinct odour (DEFRA, 2010). 
CONCLUSION
Cooling pond can emit between 13,187 -161,896 OU/m3 odour, with the least being emitted when an enclosed tank digester was incorporated into its downstream effluent treatment. Anaerobic tank digesters are able to reduce odour emission by 99% compared to conventional open anaerobic pond. Covers are also able to reduce odour emission by about 95%, with its efficiency partly influenced by the extent of lagoon covering, and its pressure release vents. Malodour from palm oil mill effluent can be mitigated by about 99% if the use of energy recovery systems at palm oil mills is also promoted as odour control measures. Besides anaerobic digester and covered lagoon, odour problem can be reduced by applying other methods such as catalytic oxidation, thermal incineration and absorption process (Biard et al. 2017; Schiavon et al., 2017) . Those process are efficient in reducing malodour problem but others matters need to be taken into account such as its operation cost and maintenance. 
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